abstract Schizophrenia is a disorder characterized by a variety of symptoms, which among others include hallucinations, delusions and passivity experiences. It has been found that individuals with schizophrenia misattribute their own thoughts and actions to an outside agency (source monitoring deficits), which could account for psychotic experiences such as that of hearing voices. In order to explain the source-monitoring deficits as well as psychosis, it has been proposed that mechanisms that enable anticipation and recognition of sensory consequences of one's own actions are impaired in schizophrenia. Importantly, such mechanisms may require accurate cortical sensory representations such as in the primary somatosensory cortex (S1). The establishment and maintenance of cortical sensory representations has been found to utilize a sleep-related brain rhythm known as spindling. Namely, in the perinatal period in humans and animals, and possibly also thereafter, spontaneous activity in the sensory periphery drives spindle activity in the developing cortical sensory areas, which then contributes to the formation of sensory representations that match bodily features. For example, muscle twitch-spindle sequences during sleep facilitate the formation and maintenance of S1 in accordance with the layout of musculature. This process has been proposed to continue throughout the lifespan and may be particularly important during periods of bodily changes (adolescence, menopause). In schizophrenia, the amount of sleep spindle activity is markedly reduced, which would be expected to result in insufficient cortical sensory representations and have relevance for the relative inability of individuals with schizophrenia to accurately recognize self-initiated actions.
Introduction
Schizophrenia is a severe form of mental illness that is associated with a wide variety of psychotic symptoms and other deficits that typically emerges between the late teenage years and mid-30s [1] . The onset before adolescence is relatively rare. The age of onset is unimodal for men (between ages 18 and 25) but bimodal in women with one peak between the ages of 25 to mid-30s and a second peak occurring later in life, with 3-10% of women developing the illness after the age of 40. The differences in the age of onset of schizophrenia between men and women could be explained by potential antipsychotic action of estrogen [2] . In support of the notion that estrogen has protective effects, it has been found that young women with early onset psychosis have lower estrogen compared to controls [3] . Additionally, earlier puberty in schizophrenic women, which is associated with higher estrogen levels, predicts later onset of psychosis [4] . Interestingly, the reverse was found in male individuals with schizophrenia [4] . The protective effects of estrogen decrease with age, in menopause and thereafter.
The symptoms of schizophrenia can be divided into two categories: positive and negative [1] . The positive symptoms include disorganized language and thinking process, distortions of thought content (i.e. delusions), perceptual abnormalities (i.e. hallucinations), and poor self-monitoring, which in turn may underlie disorganized and bizarre behavior.
The term negative symptoms refers to impairment in normal functioning (social deficits, anhedonia, restricted range of affect, cognitive difficulties). The focus of this paper is the positive symptoms, which of course does not mean that the negative symptoms are unimportant. They significantly contribute to the overall disability associated with this illness.
It is interesting that a disorder that so profoundly affects an individual's inner experience, and is associated with such a wide range of deficits, has not been found to involve a substantial general dysfunction of the brain, but rather abnormalities in a relatively small number of interconnected brain regions (prefrontal cortex, amygdala, hippocampus, anterior cingulate cortex and the thalamus) [for a review see 5] . This suggests that "zeroing in" on a particular brain region can inform our understanding of the disease.
Additionally, further insights can come by investigating potential abnormalities in dynamic neurophysiologic processes such as brain rhythms. Schizophrenia is in the recent literature increasingly being recognized as a disorder of internal brain dynamics [6] [7] [8] [9] [10] . Accordingly, in the following sections, thalamic abnormalities in schizophrenia will be reviewed followed by a discussion of how sleep brain rhythms are affected in this illness.
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These two issues are intertwined and together offer some important insights regarding the pathophysiology of schizophrenia.
Namely, thalamocortical interactions are important for the generation of sleep brain rhythms [11] as well as for central internal motor monitoring [12, 13] , both of which have been found to be abnormal in schizophrenia [6, [8] [9] [10] . Moreover, brain rhythms during sleep have themselves been found to be crucial for cortical development, in particular of cortical sensory maps [14] such as in the primary somatosensory cortex (S1) [15, 16] . Thus, thalamocortical abnormalities in schizophrenia, which possibly account for sleep-related brain rhythm abnormalities, could also lead to faulty development of cortical sensory areas and thereby contribute to the development of the illness. In the latter part of this review,
we will explore a number of possible reasons for impaired thalamocortical function in schizophrenia, such as neurotransmitter abnormalities, potassium channel dysfunction [17] as well as exposure to cannabis [18, 19] .
the thalamus and schizophrenia
The thalamus is one of the structures that is notably affected in schizophrenia [for a review see 20] , and the pattern of these abnormalities is informative of possible pathomechanisms in this disorder [8] [9] [10] . Namely, the thalamus can be subdivided into at least two categories of nuclei [12, 13] . The first order nuclei (FO) relay sensory information from the periphery to the primary sensory cortices for the respective sensory modality (e.g., lateral geniculate nucleus to the primary visual cortex). The FO nuclei are driven by their peripheral inputs but modulated, among others, by corticothalamic inputs originating in the cortical layer VI. In contrast, the higher order nuclei (HO) are driven by layer V corticothalamic inputs, and they relay these inputs to other cortical areas. According to the pioneers in this field of research (Sherman and Guillery, 2006 [12,13] ), the HO nuclei are in the position to inform wider cortical areas about the instructions that a particular cortical area is issuing, thereby allowing the rest of the cortex to prepare for re-afferent sensory inputs ( Figure 1 the major output to lower motor centers in the CNS and some of them branch off and innervate the higher order (HO) thalamic relays, where they act as driver inputs. Therefore, the HO thalamic relays are in the position to inform other cortical areas about ongoing efferent motor instructions. Direct corticocortical are also illustrated. Note that in schizophrenia the HO relays are affected while the first order relays are relatively spared (see text for references). The cortical layer 6 projections are also illustrated, and they provide neuromodulatory inputs to the thalamus and the thalamic reticular nucleus. They are not thought to have any extra-diencephalic branches. Thalamocortical relay neurons project to cortical layers 3 and 4 [for a review see 12] . In this figure, only the thalamocortical input to cortical layer 4 is shown. Adapted with permission from [13] .
to the failure to recognize the self as an agent, [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The conceptualization of schizophrenia as an illness involving a failure in the ability to recognize the self as an agent is not new but can be traced back to the early days of psychiatry. Tausk (1933) , who was a psychoanalyst working with psychotic individuals, noted that schizophrenia is characterized by a loss of the so called "ego boundaries" [36] . He postulated that the illness starts with a sense of inner change and estrangement, which then gets projected onto or attributed to the outside world. Over In the previous section, the significance of the thalamus to understanding the mechanisms behind psychosis was discussed.
In the following sections, the focus of this review will shift to (1) thalamus-related sleep brain rhythms that have been found to be abnormal in schizophrenia and (2) to implications of these abnormalities for faulty development of sensory cortical areas, which, as we will propose, contributes to the genesis of the illness.
Sleep abnormalities in schizophrenia
NREM sleep is a dynamic process and its investigation has a number of advantages for the study of internal brain dynamics [37] , which are thought to be affected in schizophrenia [6] . The study of sleep removes a number of confounding factors such as inter and intraindividual variability in attention, cognition and motivation. Moreover, some events in NREM sleep resemble the more activated states of wakefulness [38] , and what occurs during these events in individuals with schizophrenia may also provide us with insights about the pathophysiological mechanisms behind psychosis [8] [9] [10] .
A growing number of recent studies have found that schizophrenia is associated with a marked reduction in sleep spindles [37, [39] [40] [41] [42] , which was not found to be secondary to antipsychotic medications [39] . Interestingly, in two studies [37, 39] the reduction has been found to be greatest over the centroparietal region that includes the primary and secondary somatosensory cortices (S1 and S2, respectively)
[43] (Figure 2 ). Moreover, the spindle amount is negatively correlated with positive symptoms of schizophrenia [39, 42] . Ferrarelli et al. (2010) also reported that the overall sleep architecture in schizophrenia is relatively unaffected [37, 39] . It should be noted that there are earlier reports that schizophrenia is associated with a reduction in slow wave sleep (SWS) [44] . This, however, has not been a unanimous finding in the earlier literature, which may be related to differences in methodology [37] .
Sleep spindles are 11-16 Hz oscillatory bursts of synchronous neuronal firing lasting up to several seconds and involving thalamocortical, corticothalamic and intra-thalamic neuronal interactions [11, 45] . More specifically, a cortical volley of action potentials during the 'up' state triggers the burst firing in a population of thalamic reticular nucleus (TRN) neurons [48] . The TRN is a thin sheet of inhibitory gamma-aminobutyric acid (GABAergic) reticular neurons with elongated dendritic arbors that are parallel to the borders of this nucleus [12] . The TRN is adjacent to the rest of the thalamus; more specifically, it lays between the dorsal thalamus and the internal capsule. It is innervated by collaterals of some of the corticothalamic (originating in layer VI) and thalamocortical axons that pass through it, and it tends to reciprocate its thalamocortical spindles are events that also involve transthalamic cortico-cortical interactions [8] .
At this point, it should be emphasized that the burst firing of thalamic relay cells potently activates cortical circuits [49] and may reconfigure larger thalamocortical networks [50] . Additionally, the large influxes of Ca 2+ into thalamic and cortical cells during these episodes of rhythmic burst firing are conducive to neuroplasticity and may play an important part in cortical development [11] .
neurodevelopmental hypothesis of schizophrenia and sleep spindles
The reduction in sleep spindles in schizophrenia is consistent with the neurodevelopmental hypothesis of schizophrenia, which proposes that this illness can be understood as a result of events ocurring in early development. More specifically, this hypothesis categorizes schizophrenia as one of neurodevelopmental disorders, in particular autism spectrum disorders [51] , and some authors have pointed out that autism and schizophrenia share a number of psychopathological features such as abnormalities in the experience of the self as an agent [52] , which is a concept related to source-monitoring deficits described earlier. There is also genetic overlap between schizophrenia and neurodevelopmental disorders [51] , and both disorders are associated with potassium channel dysfunction (KCNH2-3.1 in schizophrenia [17] and KCNMA-1 in autism [53] ). Consistent with the neurodevelopmental hypothesis of schizophrenia, sleep spindles have also been found to be reduced in individuals with autism [54] , which provides another parallel between schizophrenia and autism spectrum disorders. Moreover, this also raises the issue of whether the reduction in sleep spindles in the two disorders points to a shared neurodevelopmental impairment, which could in turn be related to the noted abnormalities in the experience of the self.
Sleep spindles and cortical sensory maps
The vast majority of electrical activity in the cortex of neonatal rats in vivo consists of localized spindle bursts [55] . Moreover, there is a growing number of studies involving neonatal rodents that suggest that these early spindle-like oscillatory thalamocortical firing patterns are important in cortical development, and in particular, in the development of cortical topographic sensory maps [55] . These early spindles in neonatal rats are homologous to delta-brushes recorded from human premature neonates, the presence of which has implications for future neurological and behavioral outcomes [16] . One important feature of these early spindles/delta brushes is that they tend to be local thalamocortical events. This is the case in part because thalamocortical connections form before corticocortical connections, which are required for their synchronization over larger cortical areas [23] .
The generation of these early cortical oscillations in neuronal populations has been found to rely on the stimulation of excitatory ionotrophic glutamatergic receptors on cortical synapses [56] . The subsequent were also replicated in human premature neonates 29-31 weeks post-conception [16] . In this study, the authors reported that spontaneous hand and foot movements tended to precede delta-brushes in the corresponding S1 cortical area. The localized delta-brushes could also be elicited by direct skin stimulation. The interesting issue in both studies is that the latency between a spontaneous movement and the corresponding spindle/delta brush was shorter for spontaneous movements compared with the direct stimulation of the skin. One possibility that could explain this pattern is that proprioceptive sensory input resulting from the movement arrived to S1 earlier than the tactile sensory input.
In addition to the studies already discussed 
Importance of cortical sensory maps in perception
When discussing the results obtained by The phyletic sensory memory refers to the structure of primary sensory cortices, which has to be "rehearsed" during critical developmental periods, such as when the body undergoes marked changes. Our view is that this "rehearsal" occurs during sleep and utilizes spontaneous activity in the periphery (e.g., muscle twitches)
together with the propensity of the cortex to display rhythmic oscillatory burst firing (spindles), which itself favors neuroplasticity. In this way, primary sensory cortical areas (e.g., S1) develop in accordance with the structural features in the periphery (e.g., layout of the musculature). As the primary sensory cortices are at the base of the perceptual memory, their faulty development would be expected to have far reaching consequences and could result in perceptual abnormalities and ultimately to the loss of reality testing such as is seen in psychosis.
In the following section, we will review some common features between early spindles in rats and delta brushes in human premature neonates, on one hand, and adult sleep spindles on the other. Overall, our proposal in this essay is that sleep spindle activity after the perinatal period and even in adulthood has a similar function as in the perinatal period [23] , and it will be further argued that this has potential implications for our understanding of neuropsychiatric disorders, in particular schizophrenia.
Some analogies between perinatal and adult spindles
Broadly speaking, the brain as well as the rest of the body are quite active during NREM sleep in neonates [23] and adults [5, 61] , should first be pointed out that both constitute patterns of oscillatory network activity [11, 55] , which in turn constitutes a part of a resonating mechanism that shapes sensory responsiveness [62] . Secondly, the generation of both may involve the interplay between glutamatergic excitation and subsequent inhibition mediated by potassium channels Figure 3 . Hierarchical organization of memory networks (upper) and lateral view of the left hemisphere with Brodmann's cytoarchitectonic map (lower) (adapted with permission from [21] ). RF, Rolandic fissure. The anterior cortex is shaded red (red, primary motor to white prefrontal cortex). The posterior cortex is shaded blue (primary sensory cortices) to white for association areas. In upper figure, note that unimodal primary cortical areas are at the base of each hierarchy, with areas higher in the hierarchy becoming increasingly multimodal. During development, the primary cortical areas come first and the development of the rest of the hierarchy is secondary. Therefore, the faulty development of the primary areas would be expected to have far reaching consequences for perception as well as for cognition more generally. The areas within the hierarchy and across the two hierarchies (motor and sensory) are reciprocically interconnected via cortico-cortical connections. This is denoted by bidirectional arrows. One of the arguments in this paper is that some of the connections, especially those between the two hierarchies (motor and sensory), are trans-thalamic and are disrupted in schizophrenia.
in neuronal populations [9, 10, 48, 56] . Similarly to perinatal spindles, adult spindling can be triggered by sensory stimulation during sleep [23, 61, 63] . Further, the majority of adult spindles in humans are relatively localized events rather than global and synchronized thalamocortical occurrences [64] . Finally, while delta brushes have implications for neurological and behavioral outcomes in premature neonates [16] , sleep spindle amount in individuals with schizophrenia is negatively correlated with positive symptoms [39, 42] .
One possible criticism of the above proposal is that rather than having a role in cortical map maintenance in adults, sleep spindles have been proposed to have a mainly sleep protective function [47] , which has been offered as an alternative explanation for their association with sensory stimulation. This hypothesis has been put to the test in a study by Pivik et al.
(1999) who reported that there is no evidence that purely external sensory stimulation evokes sleep spindles [65] . The authors drew an interesting conclusion that if sleep spindles do occur in response to sensory stimulation, this pattern is restricted to "endogenously generated stimuli" [65] . Thus, the functional link between sensory stimulation during sleep and spindles is somewhat controversial. However, the current literature allows us to propose that, similarly to perinatal spindles, adult spindles also have a role in the integration of sensory information during sleep [61] in accordance with endogenously generated stimuli. During wakefulness, this sensorimotor integration, which occurs during sleep, may enable the recognition of self-initiated actions and of their sensory consequences.
potential implications of insufficient cortical sensory maps for schizophrenia
In this section, the focus will be on the potential significance of the bodily representation in S1, but the principles presented could apply to other sensory modalities as well (e.g., auditory).
If we suppose that adult sleep spindles help maintain the representation of the body in S1
[23], and we keep in mind that sleep spindles have been found to be markedly reduced in schizophrenia [37, [39] [40] [41] [42] , then it could be inferred that the illness involves insufficient body representation in S1 [8] . As already mentioned above, it is intriguing that the reduction in sleep spindles has been found to be most pronounced in the centroparietal regions that include S1 and S2 [43] . Moreover, as the representation of the body in S1 forms in accordance with self-initiated sleep-related movements, as suggested by studies of spindles and delta brushes in early development [15, 16] , one of the implications of our proposal is that the insufficiency of S1 plays a part in source-monitoring deficits and psychosis.
The idea that schizophrenia involves insufficient ability to maintain and "update" the representation of the body in S1 fits with several features of the illness. In men, the incidence of schizophrenia is highest following adolescence, which is a period of intense bodily change. Namely, adolescence is a period during which a number of bodily features change including musculature, height, shoulder width, the size of the penis and the scrotum as well as changes in voice [66] . All these changes require that the respective parts of the forebrain that represent them integrate these changes and a failure to do so may lead to what Tausk (1933) denoted as "inner estrangement", which then progresses and becomes elaborated into psychotic symptoms such as delusions of control [36] . Also, interestingly, 3-10% of women who develop this illness develop it after the age of 40 [1] , which coincides with menopause, which is another period during which profound bodily changes take place.
As the bodily representation in S1 may be maintained during NREM sleep [23] and as insufficiency of that representation may be related to psychotic experiences [8] , it is suggested here that there is a close association between sleep disturbance and psychosis. In this context, it is notable that sleep disturbance is often a significant part of the prodromal phase of schizophrenia [67] . In individuals with the illness, severe insomnia often precedes other symptoms during exacerbations of psychosis [68, 69] .
Thus, there is a close link between sleep disturbance and psychosis. We suggest that this link is related to the importance of sleep, and more specifically of sleep spindles, in the maintenance of self-representation in the cerebral cortex (e.g., S1).
In the following sections, several abnormalities and findings associated with schizophrenia that could interfere with sleep spindle generation will be reviewed, including the findings of a recent study that found that the illness is associated with potassium channel dysfunction [17] . This study is particularly interesting for the purposes of this review as it uniquely combined genetic and neurophysiological findings.
potassium channel dysfunction and its potential relevance for sleep spindle reduction in schizophrenia As discussed earlier, Minlebaev et al. (2007) found that the generation of oscillatory cortical activity in neonatal rat barrel cortex depended on the stimulation of ionotropic glutamatergic receptors on cortical synapses and subsequent hyperpolarizations mediated by opening of potassium channels that become activated in response to neuronal firing [56] . One class of potassium channels that become most active following intense excitatory activity are the so called ether-a-go-go-related (ERG) potassium channels [70] . These potassium channels are differentially expressed in different brain regions including the cortex, the TRN, and the hippocampus [71, 72] .
As has been argued previously [9, 10] , one finding that could account for the reported reduced sleep spindles in some individuals with schizophrenia is the reported overexpression of the KCNH2-3.1 gene in the brains of schizophrenic patients examined post-mortem [17] . More specifically, Huffaker et al. (2009) reported that schizophrenia is associated with single nucleotide polymorphisms in the KCNH2 gene that encodes ERG potassium channels [17] . The ERG potassium channels are thought to be strong inward rectifiers, which means that they preferentially conduct outward potassium currents in states of relative hyperpolarization thereby allowing neurons to remain in this state in a sustained manner [70] . The ERG channels are most active in periods following intense excitatory activity. The KCNH2-3.1 isoform of the KCNH2 gene lacks a domain that plays a part in the slow deactivation of this channel, which means that its overexpression may lead to rapid deactivation of outward potassium currents, and therefore, also to increased neuronal excitability of the neurons in the brain regions where the ERG family of potassium channels is expressed. More specifically, the brain region where the KCNH2-3.1 overexpression was found is the hippocampus with a 2.5 fold increase [17] . In this study, the TRN was not examined but as the ERG potassium channel is known to be highly expressed in the TRN [71, 72] , it is possible that the KCNH2-3.1 isoform is also overexpressed in this region. 
cannabis use and schizophrenia
The use of exogenous cannabis has been associated with two to threefold increased risk of psychosis [18, 19] , and it has been argued that the evidence for the role of cannabis in the etiology of schizophrenia is stronger than for any other environmental risk factor [73, 74] . Thus, the effects of exogenous cannabinoids may inform the pathomechanism behind the genesis of this illness. While there are no reports known to the current author on the effects of cannabis use/intoxication on spindle activity, there is experimental data that suggests that exogenous cannabinoids (such as tetrahydrocannabinol) may directly, and independently of the cannabinoid receptors, inhibit the T-type Ca 2+ channels [75, 76] , which (as already mentioned) are crucial for spindle initiation and propagation [11] . These studies were done in cell cultures and neuronal tissues at concentrations comparable to those achieved in the brain following the smoking of a marijuana cigarette [76] . Thus, it is conceivable that cannabis use, especially during adolescence, interferes with sleep spindle activity and thereby disrupts the maintenance of S1, which could be one of the mechanisms whereby cannabis use contributes to the development of psychosis.
conclusions
The main idea in this review, that selfrepresentation in the cortex is important for the functioning of the mind is not new but can be dated back as far as the writings of the 17 th century philosopher Spinoza, who stated that the mind is equivalent to the representation of one's own body [77] . In a similar vein, Freud conceived of the ego (or the mind) as "first and foremost a bodily ego" (Freud, 1953 (Freud, -1974 , page 26) [78] .
In this essay, we hoped to make these valuable insights relevant to the current neuroscientific literature, which then in turn elaborate these early insights further by suggesting that sleep is important for the maintenance of the cortical self-representations, in accordance with selfinitiated activity during sleep. This process starts early in the perinatal period [15, 16] and may continue thereafter [23] becoming particularly important during periods of high rate of bodily changes [21] such as adolescence or menopause.
The findings that some sleep spindles are driven by self-initiated activity during sleep and that this process is involved in the formation and maintenance of S1 also raises interesting questions about the function of the homonculus in S1. Namely, its role may not be passive but rather it may serve a predictive that, when proprioception was eliminated by ischemic nerve block, the activation the S1
was maintained during voluntary movements compared with passive movements [79] .
The preservation of the activation in S1 was associated with increased activity in the premotor cortex. This functional neuroimaging study was done in healthy and awake human participants. have been found to reduce spindle activity in rodents [45] , which suggests that the proposed NMDAR hypofunction in schizophrenia may be consistent with a reduction in spindle activity.
Moreover, dopamine D2 receptor antagonists have been found to increase spindle activity in rodents [80] , which suggests that excessive dopaminergic activity may be associated with reduced spindle activity.
The conceptualization of the pathomechanism behind schizophrenia presented in this review fits with several features of the illness such as the trend that periods during the lifespan that are associated with bodily changes tend to also be vulnerability periods for psychosis. In addition, severe sleep disturbance is associated with the schizophrenia prodrome [67] as well as with exacerbations of psychosis [68, 69] .
Overall, this review raises a number of tentative issues and questions and is not meant to be conclusive but rather exploratory 
